l . *Fellow; Academia Sinica, Republic of China
/ : .

PASA oy X, SLT 2

N 65-8383 4
- Csde or&

N

COSMIC NEUTRINOS AND THEIR DETECTION

HONG-YEE CHIU™

qu@ard.Institute for Spacé Studies.
| New York, New York
and
Colimbia University ;

New York, New York:

\

To'Be Published by Pergamon Pregs:'
Dictionary of Physics .

—



CQSMIC NEUTRINOS AND THEIR DETECTION. Although it was quite
obvious from the basic work of Bethe and Critchfield on hydrogen

reactions in staré that stellar neutrinos were produced abundantly
©in naturé, only recently have attempts been made to detect them
'and other cosmic neutrinos. One of the obvicus reasons for this is
the smallness of the cross section in neutrino interactions'(the:

vcross section is ~ 10_44 cm® at 1 mev neutrin§ energy). In lead,

the mean free path of 1 mev neutrino is oné light year (~ 10'1A8 cm) .
Recent developments in the theoretical and exPerimental aspects of

the weak interaction have made it possible to study cosmic neutrinos,

- including stellar neutrinos.

Neutrino Interactions. The present theory of weak interactions
originated from Feynman and Gell-Mann. They postulated that the

weak interactions were caused by the interaction of a current J

srf?fj~"ﬁith'itself. The current has the following form:
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wheres¢ is the wave function for a particle 2, Ya (¢ = 1,2,3,4)

a
-are the Dirac Matrices and y_ = iyoyiyaya . g is the weak inter~

action coupling constant and numberically gm 3 = (1.0l * 0.01)x10-8
. é; ‘ . :

(mp is the mass of proton) . The neutrino ve'associated with electrons

: Aishﬁiétinguished from that associated with the y-meson (v );‘ That

L .-' ) . ) u
: N i :
Ve 7 v, has been demonstrated ¥ a recent experiment, bg Danby et all

e

We may abbreviate J as follows:
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J = (eve) + (pn) + (“vu) ¥ eeeee - : (2)

where e, Vg ¢ ese-- DOW stand symbolically for particles or anti-

particles. The weak interaction Hamiltonian is then given by

T3* = (evg) (850) + (pn) (&) + ..--. - (3)

Each term in JJ¥ now gives rise to a reaction consistent with all
conservation laws (charge, lepton number, energy, momentum, etc.).
For example, some of the allowable reactions of the first two terns
in Eqn.(3) are
+ T — . .
€7 + Vg Vg = €7 + v iV (Scattering of neutrinos
! by electrons )
e +pP =-n Vg (electron capture)

n - p+ e + vé‘ (neutron decay) - (4)

At present an experiment at CERN (and a similar one at Brook-

haven National Laboratory) is underway to test a new hypothesis in

~weak interactions (on the existence of an intermediate boson) £from

which the validity of the theory of Feynman and Gell-Mann could be

established. ,Pfeliminary results support their theory.'

Neutrino Production Associated with Stellar Nuclear Processes.,

Neutrinos are produced through the (eve)(pn)'interaction of Egn.(3)

in. hydrogen reactions in which helium is built up. There are two

energy production’cycles, the proton-proton reaction is important




in stars less massive than the sun, and the carbon cycle is more

important in the other case., 1In all cases the temperature required

is around 1 - 3x107 9K, The proton-proton reaction chaii: is

p+p-—-D+‘e"'+ Ve
D+ p — He®
He® + He' — He* + 2p (5)

As helium is. built up in' the center, the following bi-cycle

may take place:

or:

\

- . He3+He3-Be"+7

Be” + e - Ll7 + v (n.u = 0.861 mev, 0.383 mev)
‘Line Spectra -
Li” +p — Be® +v '

Be® — 2He! ‘ e (e)

‘Be" ‘+p —o'Bs + Yy
B* — Be® + et +y (B, (max) _ 1696 mev)

. Contlnuous Spectra
Be? — 2He*

The last reaction is of"particular interest to neutrino

astronomers since these neutrinos have higher energy and should be

easier to detect.




The carbon cycle is:

C12+p-0N13+7

NI ey Q13 4 o+ Ve (Ey(mm;) = 1.2 mev)
C'* + D — Ni¢ 4 Continuous Spectra

N+ p— O 4y
O = N+ e 4y, (B, ) 1 1 g4 mevy

N 4 Do OI2 4 e Continuous Spect:;a

(8)

Note cl? acts as‘a catalyst.

The total energy release in building up one helium nuéleus
from four protons is 26.7 mev, about 0.52 mev to 1.7 mev are in the
form of neutrinos. Hence we can say generally in hydrogen burning
staré about 2 % t'o 8 % of energy radiated is in the form of neutrinos.

"Table I lists the flux intensity expected on the earth.

TABLE I

Solar Neutrino Fluxes on Earth (v/cm? -sec)

» VPP 147 : Vg YN 14
Spectrum conti- L conti- conti~ conti~
type nuous | e nuous © nuous nuous
Maximum :
energy | 042 | 0383 | 0861, 66 | 1.20 | 1.74
(mev) 12% 88% g
"1 Mean .
energy- 0.26 --- -— 7.25 0.710 1
(mev) .
. + + T
. Flux (5.3*0.6)(1,-2'-"30.5)1 5x109 (2x,1507l) (}degs) (11%;5)
\ ¥ = ' * ~ ' * x

. Vppe = REUrinOfrom p + p + €~ = D + "x'z,wetc."
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Very small amounts of neutrinos are produced in association
with nuclear energy generations in later stages of stellar evolu-

tion. Almost all neutrinos produced at a later stage come from
"direct production processes.

- =

pirect Neutriro Troduction Processes. OFf ail astrophyvsical

processes for neutrino production, the more important ones are:

£y
)
]
.

[

URCA process
e” + (Z,A) — (Z-1,4) + v,
' beta decay interaction . (9)
A(Z-I,A)—o(Z,A)+e'+3° v
DPhoto neutrino process i !
e" +y = e+ U+ U, (10}

i
Annihilation process '

, _ (e v) (e v) interaction |
Yy +y=e +e+..oye+ve . ’ i (11)

Plasma process .

¥y (plasmon) —o.y°'+ Ve ('12)

_45:7 The URCA process is at present of historical iﬁpor@ggse,'éince
it was the first one té be éonsidered. lIn the URCA'proéess beta
decay and ih&erse beta decay reaction; occur alternatiﬁely, depleting
the kinetic energ& of the electrons. . This précess'requiresAa minimum
electron energy roﬁghly equal to the beta decay energy. Since the

" beta decay. energy E;, of most sta‘bleslnuclei is of the order of z2 few

mev, and thé kinetic temperature of "the electrons hardly exceeds a



at the

few tenths of mev, the Boltzmann factor exp (= Zy/kT) , which is a

measure of the fraction of the number of electrons with energy > Ep ,

~is rather small and this process is not very important. Moreover,

hY

elements with small Eb are not stable against photodisintegration
A -

Ll

temperature when the calculated energy conversion rate e-

‘comes large.-

In the photoneutrino process the energy of a photon is con-
verted into a pair of neutrinos., This is quite analogous to.the
Compton-scattering process. In the annihilation process the photons
are in equilibrium with electron pairs (at a temperature ~ 6x10° °K)»~
and the electron pairs can‘apnihilate to form neutrinos via the
(evef(eve) interactién. .

Ordinarily a free photon cannot decay into two neutrinos be-

cause of the conservation laws. Inside an electron gas, because of

‘interaétions, photons are not free. The relation between the fre-

quency @ of a photon and its wave number vector k is similar to that

7 " N ]
s
7

for a particle with a mass Gy -
4 v :
AR = 1'19(,00‘3 + kac3
whereas

' 9=4esp31 .|

w s —

e ’ct‘lls ) TTEF

' ' -.l
and o is the Fermi momentum for electrons. EF is the Fermi energy

including the rest energy'mcﬁ. Hence inside an electron gas a photon

!

o aa o e s o e iy — .




can decay into two neutrincs,

The plasma process is expeciaily

important in dense stars (such as white dwarfs and neutron stars).

Detailed calculation of the energy conversion rate on these

processes have been performed by Chiu,

Ruderman,

We here list the asumptotic formulae for certain limiting c¢

and Woo.

The detailed computat

TABLE IX

tabler, Ritus,

ion is quite

Summary of Photo neutrino and Annihilation Energy Loss Rates

(ping/cm®, T,

= T/10°)
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2Adams,

ol eYol
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vel
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aLa3s.

Temperature and
density region:
c=k=1

Photo neutrino Loss
(ergs/g-sec)

-

Pair Annihilation Loss
(ergs/g- sec)

Plasma
Process
(ergs/g-sec)

Non-relativistic,

Extreme relativistie,
extreme degenerate
T, m <KL Ef

6.3x108

m
ST 5

1.4x101

8 4 1(28 >>
non-degererate 1¢ T 4.8x310% T3 o2/ kT 1
ErS T<m He e e,
. £w1022 faw
Extreme relativistic,| 2.5X 10% T 8 (o 4.9 1024 1.5x10 ( o
non-degenerate Ke 20 0830 T0 —_— T2 / o2 -1.5 mc
m<K<T,ErST +1.6) p e expl “Awd
: \KT \_XT
Non-relativistic, ' Nofs 1 , k3 Ao << 1
extreme degenerate 1.5X10°T, 1 R 4.5% 10"T‘,3/é Le €XD [M} 'kT‘ - m 53
T E; <m . B P , ®T - 022
c2 -3

He

2 .
Ty (EI;) exp (~E¢/T)

Nucleosynthesis Beyond Hydrogen Burning.

Supernova,

As

hydrogen, becomes exhausted at the center of a star,

[y

' core develops and the star becomes a red giant,

"with a

a dense helium

vast envelope.




Because of gravitational contraction, the temperature at the center
increases, and at T .~ 108 °K helium begins to react via the
3qg - cl? reaction. :

At a temperature of around 4x10° ©k, nuclear reaction rates

Decome quite rapid, as a consliquence all elements come to statis~

‘:-:—356. At

L

‘tical equilibrium and the most favored element

temperature of around 8x10? ©K, the equilibrium conficuration

4

changes to He . This change is endothermic. Also, tha aeutrino

. processes we discussed previously also dissipate stellar energy
guickly. With these two endothermic reactions the star contracts
‘rapidly and collapses. The result is a supernova.
: : . LR
'\;n Figure 1 we plot the neutrino luminosity/of a star as a
C.o : M

) GenT et :

function of its,(’temperature. At T > 5x108 ©X, the energetic$ of

a star are‘entirely governed by neutrinos. Overall, roughly 25 %

of stellar energy is released in the form of 1 mev neutrinos.
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o In Table III we

list the neutrino history of

TABLE IIZI

Neutrino History ¢f a Star

- v
Q) te Y
RSN

i :
Ay ¥ -
LD e 1

2 LRV v LA
210 be IX 1P years, the toial

PEP R SRS T 1 NOO SRS
Wl L0 B8 S A LU erps,

GOUSEY Ceemn &

Total Energ Duration
oo <R > miev) (ergs) {years)
Main cqueice 0.26 . 10%° 3X10°
(Eycrogen burning) 0.8 4x 104 3x1C°
+ (Beta process) 7. 4x 109 3x 1o
Red giant (Helium
burning and plas- 10 kev 10+ 1¢®
ma process)
Late stages (pre- 10¢
supernova, photo- 100 kev—1 mev 10°%0 very rapidly

neutrino and pair -
annihilation pro-
cesses)

URCA process
2.58 mev

Supernova ex-

100 mev up to 10%47?

a fraciion ¢of a

plosion and seccnd?
collapse . Numbers vary, depencing on
P Very uncertain e y, depencing on who
Speculates
White dwaris )
(plasma process) 110 kev ~10% 108 ~10°

As a star collapses to become a supernova, more high energy.
neutrinos of‘energy Z 100 mev (e and uivtype) may be emitted. Rough
estimates. indicate that energy up to 1083 ergs of more may be dissi-
Paf:e in the form of lu—neutrinos‘. ‘These neutrinos may be detected
by, using_"gi.garlxtic neutrino detectors . to monitor future supernova

-

explosions in our: galaxy.
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Cosmic Ray Secondarv Neutrinos. When primary cosmic rays

hit the upper atmosphere, nuclear reactions take place in which

]

q—-mesons are created. Thesc r-mesons subsequently decay into

—-mesons and npeutriros (M tyme). Because g-mescns produced in the

with the atmosphere, cosmic ray secondary neutrinos (and j,-mesons)
show an anisotropy, favoring the horizontal directiocn. The flux of
these neutrinos is the same as cosmic ray p-meson £lux. The flux
is too low to be detected directly.

ﬁowever; a detector embedded in earth may detect secondary
p-mesons produéed by'neutrino reactions. These py-mesons also
favor the horizontal direction. Plans are being made to detect
thesé-underground secondary p-mesons.

Table. IV lists cosmic neutrino fluxes for different ranges

TABLE IV

Cosmic Neutrino Fluxes

Flux on Earth | Energy Density Solar Back-
<Ep> (v/cm?-sec) ev/cm? Detectability ground flux
1-10 kev 107 10-3—10"* no at present none
0.26 mev 10¢ i no at present 4% 102
0.8 mev “up to 10° 1 yes, but difficult 1om
1 mev vary rapidly 1 on the yes, but difficult 101
(geandi%) with timo avorago
} mev up to 10% 10-3 Yes, but solar 107
7 background must
be eliminated
(going to Piuto?)
100 mev ~10-¢ ? yes none
>1 Bev, cosmic | same as y flux| not meaningiul yes - pone
secondaries to deiine :




'CCl4) by using carriers (He™), afierwards a3 is separated from He™

Solar Neutrinos and Their Detecticn, The flux of solar neutrinos

-

is big enough for terestial detection at the present status of neu-

s
o

)
H
®
0
0
(%)

trinology. DPontecovo has suggested that +b

-
<2 ’ - ¥
! 7 - Vv - Pz37 + & ( I -

a37 | c137 + ot + . (Half life 30 days)

e

may e used to detect solar neutrinos. The 237 atom may be chemi-

-

s R
cally separated from a1>?

(prepared as a liquid carbon tetrachloride
4

4

by a2bsorption at low temperature (~ 20° X). The half life of 237

[

limits the integration time to around 30 days. This méthod has
been put into practice by Raywmond Davis. A total amount of
0.5x10¢ liters of CCl, will be needed, and the daily production

. 37 . .
rate of A is around 10 atoms. (The natural abundance of C37

is 25 %.)

J. N. Bahcall pointed out that transitions occuring between thejv
ground state of Cl37 Cd3/2 , J=3/2+, T = 3/2) and the excited
state of A37 J = 3/2+, T = 3/2 (S.i mev)ﬁis superallowed and a
cross section'atvlo mev neutrino energy of around 0.8x10-43 cm?

may be expected. The size of the cross section is a large deter-

minary factor for the feasibility of solar neutrino astronomy.

Conclusion. ~ Stellar neutrinos are produced abundantly and in
the future neutrino astronomy may be expected to play an important

role in our study of the cosmos.
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